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Cellular functions have been extensively studied for many years to elucidate various 
biological phenomena. In a pioneering work in 2009, Shinya Yamanaka of the Center 
for iPS Cell Research and Application, Kyoto University, has developed induced 
pluripotent stem (iPS) cells, which are similar to embryonic stem (ES) cells, by 
transfection of transcription factors to fibroblast cells.1-2 iPS cells can be differentiated 
into every cell types in the body because of their pluripotency, and therefore, are 
advantageous over ES cells particularly from ethical point of view when applying for 
clinical use. iPS cells have overcome technical as well as ethical issues from which ES 
cells are suffering, which led to the development of innovative technologies in the field 
of regenerative medicine and drug discovery, resulting in the Nobel Prize award in 
Physiology or Medicine in 2012. Since then, the research of iPS cells has been 
accelerated worldwide because of their huge potentials in clinical applications. With 
advancement in techniques reported so far on the differentiation into various types of 
cell,3-6 monitoring the cells during differentiation by a non-invasive method,7 and 
generating a functional organ bud,8-9 iPS cells have found increasing number of 
applications in various clinical settings and, as the result, much efforts are being focused 
on their commercialization in the field of regenerative medicine. As seen in this 
research field also, chemical biology approaches using small molecules are gaining 
more attention in biomedical studies because genetic engineering techniques require 
special skills and experimental setting. 
As another landmark discovery in Japan along this line, Yoshinori Ohsumi, Tokyo 
Institute of Technology, has identified the genes that regulate autophagy, 10-11 which 
also helps to understand the biology of, for example, cancer and aging, and then brought 
him the Nobel Prize in 2016. Although the term ‘autophagy’ is used collectively for 
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several pathways such as macroautophagy, microautophagy, chaperone-mediated 
autophagy, and selective autophagy, it usually represents macroautophagy in most cases. 
Autophagy is a degradation process of cytoplasmic dysfunctional proteins and 
organelles,12-15 and in particular, the selective autophagy has also been reported for 
damaged organelles. Notably, mitochondria selective autophagy, mitophagy, serves as a 
specific elimination system for depolarized (harmful) mitochondria in cells and appears 
to be related to neurodegenerative diseases such as Parkinson’s disease.16-18  Recently, 
it is becoming more often that differentiated patient-derived iPS cells are used in the 
research of regenerative medicine and drug discovery, in which native intact cells are 
preferred for the study rather than engineered cells that express a marker protein by 
transfection.19 Small molecules with cell permeability, low cytotoxicity, and 
applicability to any types of cell, therefore, will shed light as an important tool to 
various research fields including regenerative medicine.  
In an effort to understand the cellular functions by using small fluorescent molecules 
that can be readily applied to various biomedical research fields, we have been trying to 
visualize intracellular events by chemical biology approach. In this thesis the 
development and biological evaluation of a small fluorescent molecule that can reflect 
mitochondrial functions and hence is useful for quality control of mitochondria will be 
discussed. And also, unique synthetic fluorescent molecules that allow monitoring of 
the membrane dynamics of autophagy, which is useful to study autophagic phenomena 
























We have developed a small-molecule fluorescent probe, Mtphagy Dye, for visualizing 
mitophagy, which is a mitochondria-selective autophagy and is known to play an 
essential role in maintaining intracellular homeostasis. Mtphagy Dye, which was readily 
synthesized from a known perylene derivative, perylene-3,4-dicarboxylic anhydride, has 
suitable fluorescent properties for detecting mitochondrial acidification during 
mitophagy at the long-wavelength region that does not damage mitochondria. Using the 
dye, we were able to visualize mitophagy in both cases of Parkin-dependent and 





There is a growing interest in autophagy by which cytoplasmic dysfunctional 
proteins and organelles are degraded and recycled.12-15 In the process, damaged 
cellular components are sequestered into double membrane to form 
autophagosome, which is fused with lysosome in the later phase of the process 
where sequestered cargo molecules are degraded enzymatically. Among several 
pathways of autophagy, mitochondria-selective autophagy, called mitophagy, is a 
specific elimination system of dysfunctional mitochondria which is believed to 
play critical roles in aging as well as in neurodegenerative diseases. Parkinson’s 
disease, for example, is caused by the accumulation of depolarized, and therefore 
dysfunctional, mitochondria, suggesting that mitophagy serves as a primary 
factor to maintain intracellular homeostasis.16-18  
As a pH-sensitive fluorescent protein, Keima is widely used to visualize 
mitophagy, but it needs to be genetically expressed in mitochondria by a plasmid 
transfection technique.20-22 The excitation wavelength of Keima being 440 nm at 
neutral pH shifts to 580 nm when the mitochondrial pH becomes acidic during 
mitophagy, which is the basis of the visualization. Keima is the only available 
technique reported so far to visualize mitophagy in live cells with fluorescent 
proteins, but the requirement of transfection techniques, through which the cells 
are genetically engineered, seems to limit its application to certain types of cell. 
Therefore, it has been our focus to develop a sensitive technique to visualize 
mitophagy by the use of a small-molecule fluorescent probe that can be applied to 
any types of cell. These techniques should also be useful, for example, for drug 
screening with patient-derived iPS cells.  
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Analogous approaches using small fluorescent molecules have been recently 
reported for visualizing mitophagy. Among them, aggregation-induced type of 
fluorescent probe, TPE-Py-NCS, was reported by Zhang et al., which, by being 
immobilized with its isothiocyanate group, can be used to monitor the 
microenvironmental change of mitochondria by fluorescence. They succeeded 
real-time monitoring of mitophagy with this probe.23 Another approach with a 
small molecule was also reported by Lee et al. who utilized a pH-sensitive 
fluorescent moiety of naphthalimide to visualize mitophagy during which 
mitochondrial acidification occurs.24 However, the excitation maxima of these 
fluorescent probes lie in much shorter wavelength region around 400 nm than the 
wavelength for laser excitation at 488 nm, and therefore, the use of higher probe 
concentrations and/or higher laser output in fluorescence microscopy is required. 
In both cases in fact, they used high probe concentrations to visualize mitophagy 
that might have damaged the intact mitochondria by enhanced depolarization. It 
is therefore critical to employ a lower probe concentration for live cells that does 
not impair the mitochondrial functions.  
In this chapter, the synthesis of a unique small-molecule fluorescent probe, Mtphagy 
Dye (Scheme 1.1), and its application in visualizing mitophagy will be described.25 
Mtphagy Dye has a perylene-3,4-dicarboximide framework as a highly sensitive 
fluorescent reporter group with a triphenylphosphonium moiety to be localized in 
mitochondria. A piperazine group is directly conjugated to the fluorophore, in the hope 
that this group makes the fluorescence pH-sensitive and the dye becomes sensitive to 
mitochondrial acidification. Furthermore, a chloromethyl group is also introduced at the 
terminal end of the side chain for the molecule to be immobilized to mitochondrial 
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proteins through thiol groups. Mtphagy Dye shows weak fluorescence under neutral 
conditions such as in cytosol but becomes highly fluorescent under acidic conditions 
such as in lysosome. The fluorescence enhancement at acidic pH is due to protonation 
of the piperazine moiety, because this moiety quenches the fluorescence possibly 
through a photo-induced electron transfer (PeT) mechanism and the protonation cancels 
out this quenching effect. Mtphagy Dye allows us to visualize mitophagy in live cells at 
a low probe concentration under physiological conditions, in which both 
Parkin-dependent and –independent mitophagy was induced, respectively, by carbonyl 
cyanide m-chlorophenylhydrazone (CCCP) treatment for Parkin-expressed HeLa cells 
or by addition of anti-cancer drugs to normal HeLa cells. The detection was 





Results and Discussion 
The synthesis of Mtphagy Dye was carried out in overall 6 steps in a moderate yield 
starting from perylene-3,4-dicarboxylic anhydride (1),26-27 as outlined in Scheme 1.1. 
Briefly, -alanine benzyl ester was reacted with anhydride 1 in the presence of zinc 
acetate to produce benzyl ester 2, which was then deprotected to yield acid 3. Acid 3 
was conjugated with a mitochondria-localizing triphenylphosphine group28 using a 
coupling reagent to yield compound 4. Introduction of piperazine moiety via 
bromination of compound 4 gave precursor 6. Further introduction of the chloromethyl 
unit with xylylene chloride finally afforded Mtphagy Dye.  
 
Scheme 1.1.  Synthetic route to Mtphagy Dye. a) -alanine benzyl ester, Zn(CH3CO2)2, quinoline, 
120 oC, 16 h; b) 10% Pd/C, H2, THF / EtOH; c) (2-aminoethyl)triphenylphosphonium bromide, 
DMT-MM, DIEA, DMF, r.t., 2 h; d) Br2, K2CO3, 1,2-dichloroethane, 100 oC, 2 h; e) piperazine, 
2-methoxy ethanol, 130 oC, 16 h; f) ,'-dichloro-p-xylene, K2CO3, CH3CN, 100 oC, 16 h. 
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Figure 1.1 shows the excitation and emission spectra of Mtphagy Dye measured at pH 
4.0 (blue)) and 7.4 (red) in a buffer solution containing 50% acetonitrile. As expected, 
Mtphagy Dye was found to have much longer fluorescence wavelengths compared to 
TPE-Py-NCS23 or naphthalimide-type fluorescent probe24, with the single emission peak 
at 700 nm when excited at 520 nm (pH 4.0) or at 720 nm when excited at 530 nm (pH 
7.4), in addition to large Stokes shift of roughly 170 nm (Table 1.1).  
 
 
Figure 1.1.  Excitation (---) and emission (―) spectra of Mtphagy Dye at pH 4.0 (blue) and pH 7.4 
(red) in 50% (v/v) aqueous acetonitrile. 
Table 1.1.  Fluorescence properties of Mtphagy Dye. 
 
These fluorescence properties are suitable for widely used confocal laser 
microscopy and would allow monitoring of mitophagy with a high sensitivity at a 
longer wavelength in near infra-red region where there is much less endogenous 
fluorescence background. In addition, the fluorescent intensity of the dye in 
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aprotic solvents such as DMSO or acetonitrile is higher than that in protic 
solvents such as methanol (Figure 1.2A); it also decreases with increasing water 
content in aqueous DMSO solution (Figure 1.2B).  
     
Figure 1.2.  Fluorescence spectra of Mtphagy Dye excited at 530 nm in various organic solvents (A) and 
in aqueous DMSO solutions (B). 
The pKa value was determined using Henderson-Hasselbalch equation to be 6.0 
for Mtphagy Dye based on a plot of the fluorescence intensity at 700 nm versus 
various pH, being smaller than that of reported naphthalimide-type probe (Figure 
1.3).  
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Figure 1.3.  Plot of fluorescence intensity of Mtphagy Dye at 700 nm versus various pH and the 
Henderson-Hasselbalch plot. 
This fluorescence-pH profile might be explained by a photoinduced electron 
transfer (PeT) mechanism from the nitrogen atom of the piperazine ring to the 
peryleneimide moiety, which is no longer effective at acidic pH and thus allows 
us to monitor acidification during mitophagy. 
In order to make sure whether this fluorescence quenching is actually due to 
the PeT mechanism, theoretical calculations were carried out (Table 1.2). The 
dye’s optimized structure was confirmed by frequency calculations to have the 
minimum energy. The theoretical investigation showed that both the HOMO and 
LUMO of the dye predominantly delocalized on -electrons of the 
perylene-3,4-dicarboximide moiety, whereas the HOMO–1 exclusively contained 
lone-pair electrons of the nitrogen atom of the piperazine ring (Figure 1.4). These 
results suggest that low-energy singlet excitations of Mtphagy Dye could be 
allowed for –* (HOMO to LUMO) and, to some extent, n–* (HOMO–1 to 
LUMO) electron transitions and that the n–* transition corresponds to a charge 
transfer character. The fluorescence quenching, therefore, can be explained more 
likely by a charge transfer rather than the PeT mechanism, for which further 
studies will be needed. In either case, this unique fluorescence properties of the 
dye probably stem from the -system of the perylene-3,4-dicarboximide moiety 





Table 1.2.  TD-DFT calculation of low-lying singlet excitation energies (eV) for Mtphagy Dye with 
oscillator strength larger (in parentheses) than 0.0001. 
 
 
Figure 1.4.  Kohn−Sham LUMO, HOMO, and HOMO–1 orbitals of Mtphagy Dye calculated at 
B3LYP/6-31G(d)//B3LYP/3-21G*. 
The observation that Mtphagy Dye emits intense fluorescence in hydrophobic 






2.160 (0.7497) 573.9 HOMO  LUMO 
(perylene  *perylene) 





the dye is likely to exhibit very low background fluorescence when diffused into 
the cytoplasm of cells. We also checked the cytotoxicity of Mtphagy Dye and 
found that the dye was not cytotoxic at least up to 1.0 M, the concentration we 
used in the following experiments (Figure 1.5). 
  
Figure 1.5.  Cell viability assay of Mtphagy Dye with HeLa cells using CCK-8. Cell viability is shown 
as the percentage so that the dye-free cell viability becomes 100 %. 
We first tested whether Mtphagy Dye was incorporated into isolated 
mitochondria and its fluorescence was enhanced at acidic pH. When isolated 
mitochondria were examined using fluorescence microscopy, Mtphagy Dye was 
very weakly observed in isolated mitochondria at pH 7.4, and the fluorescence 
was largely enhanced at pH 4.0 (Figure 1.6A and 1.6B). Consistent results were 
observed when fluorescence was measured using flow cytometer (Figure 1.6C). 
Note that the fluorescence was largely diminished by the addition of Triton 



























Figure 1.6.  Fluorescence enhancement of Mtphagy Dye at acidic pH with isolated mitochondria. (A) 
Fluorescence images co-stained with MitoTracker at pH 4.0 and pH 7.4. (B) Quantification data of red 
fluorescence of Mtphagy Dye; **P<0.01. (C) Flow cytometric analysis under conditions at pH 4.0, pH 




Also with the isolated mitochondria stained with Mtphagy Dye, we next 
examined immobilizing effects of the dye under membrane-depolarized 
conditions. CCCP, an uncoupling reagent for mitochondrial membrane potential, 
was used at 3 M or 10 M to depolarize the mitochondrial membrane. Double 
staining experiments with MitoTracker Green at pH 4.0 revealed that Mtphagy 
Dye retained within the mitochondria in the presence of CCCP without any 
apparent leakage, possibly owing to the anchoring effect of the chloromethyl 
group of the dye (Figure 1.7A and 1.7B). Similar results were also obtained with 





Figure 1.7.  Fluorescence images (A) and flow cytometric analysis (C) of isolated mitochondria with 
Mtphagy Dye in the presence of CCCP. Quantification data of (A) is shown in (B). 
The fluorescence enhancement of Mtphagy Dye upon acidification was also 
observed with live HeLa cells, the pH of which was equilibrated at 4.5 using a 
high-concentration potassium buffer containing nigericin29 or at 7.4 with HEPES 
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buffer. Although the fluorescence was hardly observed at pH 7.4 with the dye 
concentration at 0.1 M, it was much brighter at pH 4.5 with the same dye 
concentration. In both cases, the dye seemed to localize in mitochondria, as 
observed with fluorescence images stained with MitoTracker (Figure 1.8). It was 
therefore expected that the dye was likely to respond to acidification during 
mitophagy with the large fluorescence enhancement. 
 
Figure 1.8.  Confocal microscopic images of HeLa cells co-stained with Mtphagy Dye (0.1 μM) and 
MitoTracker Green (0.1 μM) at pH 4.5 (upper panel) and pH 7.4 (bottom panel). Scale bar: 20 μm. 
In order to further validate the efficiency of Mtphagy Dye in visualizing 
mitophagy, we performed an experiment to induce mitophagy by CCCP 
treatment with Parkin-expressed HeLa cells that had been produced by 
transfection of Parkin plasmid vector. Parkin is an E3 ligase enzyme encoded by 
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PARK2 gene in human, a causative gene of Parkinson’s disease, and is known to 
mediate ubiquitin signaling to promote mitophagy.30 As expected, Mtphagy Dye 
showed very weak fluorescence with normal HeLa cells (Parkin (-)) that were not 
supposed to be responsive to CCCP (Figure 1.9A). On the other hand, 
red-colored fluorescent puncta due to the presence of Mtphagy Dye were 
observed with Parkin-expressed HeLa cells (Parkin (+) in Figure 1.9A). Red 
fluorescent puncta overlapped with those of MitoTracker, indicating that the dye 
accumulated in mitochondria showed fluorescence with decreasing pH during 
mitophagy when mitochondria fused with lysosome. This was also confirmed by 
the observation that the fluorescence was largely suppressed by the addition of 
bafilomycin A1 that is known to block the acidification thereby inhibiting 







Figure 1.9.  Parkin-dependent mitophagy induced by CCCP (10 μM) with Mtphagy Dye (0.1 μM). (A) 
Confocal microscopic images of normal and Parkin-expressed HeLa cells with or without bafilomycin A1 
(baf) co-stained with MitoTracker (0.1 μM). Arrows: overlapped puncta. (B) Quantification data of (A); 
**P<0.01. Red lines indicate the mean values. Scale bar: 10 μm. 
Furthermore, GFP-LC3, which is an autophagosome marker (detailed in the next 
chapter), was expressed in Parkin-expressed as well as normal HeLa cells, and 
then mitophagy was induced by CCCP in these cells (Figure 1.10). Although 
weak fluorescence was observed in GFP-LC3-expressed normal HeLa cells, the 
red fluorescence of Mtphagy Dye was nearly quenched. Under 
mitophagy-induced conditions, on the other hand, there were several green 
fluorescent puncta observed in GFP-LC3-expressed cells due to the formation of 
autophagosome. The fluorescence brightness of GFP-LC3 is normally decreased 
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when, in the late phase of autophagy, autophagosome is fused with lysosome to 
form autolysosome whose pH is acidic. Mtphagy Dye, by contrast, enhances its 
fluorescence at acidic autolysosomal pH, which can be seen in several 
overlapping as well as non-overlapping fluorescent puncta in Figure 1.10A. 
These fluorescence images clearly show that green colored puncta and red puncta 
indicate the presence of autophagosome and autolysosome, respectively, whereas 
merged puncta indicate autophagosome fused with lysosome.  
 
Figure 1.10.  Parkin-dependent mitophagy induced by CCCP (10 μM) with Mtphagy Dye (0.1 μM). (A) 
Confocal microscopic images of GFP-LC3 expressed normal HeLa cells (Parkin (-)) and GFP-LC3 and 
Parkin co-expressed HeLa cells (Parkin (+)) with or without bafilomycin A1 (baf). Arrowheads: 
GFP-LC3 alone puncta. (B) Quantification data of (A); **P<0.01. Red lines indicate the mean values. 
Scale bar: 10 μm. 
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When mitophagy was impaired by bafilomycin A1, Mtphagy Dye did not exhibit 
the fluorescence, whereas GFP-LC3 expressed cells showed even brighter 
fluorescence due to the accumulation of autophagosome. Bafilomycin A1 serves 
as a lysosomal ATPase inhibiter and increases its pH to neutral, inhibiting the 
fusion of autophagosome with lysosome. Therefore, the fluorescence of Mtphagy 
Dye was decreased but that of GFP-LC3 was increased due to the accumulation 
of autophagosome. Additionally, Mtphagy Dye was co-localized with Lyso Dye 
which stains lysosome (Figure 1.11). The red colored fluorescent puncta 
overlapped with green puncta of Lyso Dye. 
 
 
Figure 1.11.  Co-staining experiments of Mtphagy Dye (0.1 μM) and Lyso Dye (1 μM) as a lysosome 
marker.  
These results support the idea that Mtphagy Dye localizes in mitochondria, which is 
recruited to autophagosome upon the induction of mitophagy, as shown by GFP-LC3, 
and then is fused with lysosome resulting in fluorescence enhancement at acidic pH. 
Figure 1.12 shows that two types of autophagy inducers, etoposide31-32 as a DNA 
damaging anti-cancer drug and rapamycin33 as a cellular starvation mimic, have their 
ability to induce mitophagy in HeLa cells stained with Mtphagy Dye. Double staining 
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with MitoTracker revealed that, in both cases of etoposide and rapamycin, red 
fluorescent puncta originated from mitochondria (Figure 1.12).  
 
Figure 1.12.  Parkin-independent mitophagy induced by etoposide (10 μM) or rapamycin (1 μM) with 
Mtphagy Dye (0.1 μM). (A) Confocal microscopic images of normal HeLa cells co-stained with 
MitoTracker (0.1 μM). Arrows: overlapped puncta. (B) Quantification data of (A); **P<0.01. Red lines 





Figure 1.13.  Parkin-independent mitophagy induced by etoposide (10 μM) or rapamycin (1 μM) with 
Mtphagy Dye (0.1 μM). (A) Confocal microscopic images of GFP-LC3 expressed HeLa cells. 
Arrowheads: GFP-LC3 alone puncta. (B) Quantification data of (A); **P<0.01. Red lines indicate the 
mean values. Scale bar: 5 μm.  
GFP-LC3 puncta formation was upregulated by both treatments (Figure 1.13). 
Corresponding to the results of CCCP treatment, red fluorescence of Mtphagy Dye was 
observed in overlapping as well as non-overlapping fluorescent puncta with GFP-LC3 
(Figure 1.13). Taken together, Mtphagy Dye was found to be also effective in detecting 
Parkin-independent mitophagy, which will be useful as a tool to study mitophagy. 
In summary, dysfunctional mitochondria can be highly damaging to cells with 
uncontrolled ROS production and should be removed immediately by a mechanism 
called mitophagy. Much efforts have been focused to visualize this phenomena in live 
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cells by fluorescence microscopy. In this chapter, our approach using a 
mitochondria-selective pH-sensitive fluorescent dye, Mtphagy Dye, was described 
which accumulates in mitochondria and shows strong fluorescence at the 
longer-wavelength region upon mitochondrial acidification. Unlike previously reported 
small-molecule fluorescent probes, this method using Mtphagy Dye is reliable and 
convenient and will find broad applications with good sensitivity and photostability for 
detecting mitophagic phenomenon in a wide range of cell lines, particularly under 












































Two types of fluorescent probes, DALGreen and DAPGreen, were developed for 
monitoring autophagy; these dyes exhibit fluorescence when incorporated into 
autophagosome with different fluorescence properties. Notably, the fluorescence of 
DALGreen is enhanced at acidic pH whereas that of DAPGreen remains nearly constant 
during the process of autophagy, indicating that DALGreen is suitable for detection of 
late-phase autophagy while DAPGreen fluoresces from the early phase. The entire 
process of autophagy can be monitored by using both dyes, which proves these dyes are 





Autophagy is the cell’s degradation and recycling system of misfolded (or 
aggregated) proteins, dysfunctional organelles, or foreign pathogens to promote cell 
survival.12-15 A double-membrane vesicle, called autophagosome, sequesters these 
cellular components during the process, and in a subsequent step, the autophagosome is 
fused with lysosome to form autolysosome where sequestered components are 
hydrolysed enzymatically in the acidic environment. Since autophagy is an essential 
strategy for cell survival, its impaired function is linked to aging, cancer, inflammatory 
and neurodegenerative diseases. Considering the limited availability of electron 
microscopy which is most reliable in identifying autophagy, a more readily available 
and sensitive detection technique with live cells will have a promising potential to 
understand the expanding roles of autophagic phenomena, providing us with insights 
into the biology of autophagy. As a reliable biological marker, microtubule-associated 
protein 1 with light chain 3 (LC3) is most widely used to detect autophagy which 
employs Western blot analysis and/or immunohistochemistry. LC3-I (cytosolic form of 
LC3) is conjugated with phosphatidylethanolamine to form LC3-II, which is then 
recruited to autophagosomal membranes, an important indication of autophagic activity. 
To visualize autophagic phenomena, green fluorescent protein tagged LC3 (LC3-GFP) 
was developed by genetic engineering; LC3-GFP has gained popularity in live cell 
imaging of autophagy by fluorescence microscopy. LC3-GFP, however, seems to have  
disadvantages that its fluorescence is diminished with decreasing pH when 
autophagosome is fused with lysosome in the late phase of autophagy, and that it tends 
to aggregate when overexpressed. LC3-GFP, therefore, is thought to be a specific 
marker particularly for early-phase autophagy.34 
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A small-molecule approach was first reported in 2001 by Niemann et al., in which 
monodansylcadaverine (MDC) was developed as a fluorescent probe for autophagic 
vacuoles. However, the low specificity and cytotoxicity as well as photo-bleaching due 
to its ultra-violet excitation wavelength seem to limit applications.35 Another small 
fluorescent probe, CYTO-ID, has been recently developed as a kit product to overcome 
these limitations. CYTO-ID was reported to label autophagic compartments with 
minimal staining of lysosome and enable monitoring of the whole process of autophagy 
(autophagic flux) in combination with specific inhibitors.36 Although the dye is known 
to be some kind of cationic amphiphilic molecule, the labelling mechanism as well as its 
chemical structure remains unknown. In addition, according to the protocol, the dye is 
supposed to be added to autophagy-induced cells, not prior to the induction of 
autophagy, and thus the procedure is not suitable for real-time monitoring of autophagic 
process. Another small-molecule approach includes a recent study by Jiang et al., in 
which they reported a two-photon fluorescent probe, Lyso-OC, for real-time monitoring 
of autophagy.  The fluorescence of Lyso-OC decreases by detecting the change in the 
lysosomal polarity during autophagic process, but again, it requires special instrumental 
settings to monitor and therefore narrows the applicability.37 Because of these 
disadvantages, we focused our efforts to develop small-molecule fluorescent probes that 
can be used to visualize autophagic flux in any types of cell by widely-used 
fluorescence microscopy. 
In the previous chapter, Mtphagy Dye, which senses mitochondrial acidification 
through the PeT mechanism, was demonstrated to be useful in visualizing mitophagy.25 
Using a similar approach, we have developed in this study two types of small 
fluorescent molecules, DALGreen and DAPGreen (Figure 2.1), which stain 
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autophagosomes with fluorescence enhancement in the hydrophobic environment, and 




Figure 2.1  Chemical structures of DALGreen, DAPGreen and their analogous compounds. 
 
The fluorescence of DALGreen is pH-dependent and enhances at acidic pH, which is 
suitable for monitoring the late-phase autophagy, where autophagosome fuses with 
lysosome to form autolysosome and the pH is decreased. DAPGreen, on the other hand, 
has a pH-independent fluorescence profile and remains fluorescent with almost constant 
intensity throughout the process of autophagy. By employing both dyes, we succeeded 





Results and Discussion 
We first chose 1,8-naphthalimide as a fluorogenic scaffold in designing a molecule 
that has an affinity to autophagosomal membrane and increases its fluorescence upon 
binding. The 1,8-naphthalimide moiety was expected to enhance the fluorescence in a 
hydrophobic environment such as double-membrane space of autophagosome. We 
envisioned that introduction of an alkyl group of different length (“tail” group in Figure 
2.1) to the dicarboximide moiety further increases the hydrophobicity of this molecule, 
and also that incorporation of a piperazine group (“head” group in Figure 2.1) to the 
other side of the molecule renders the fluorescence pH-dependent. The syntheses of 
10a-d that we designed depending on the alkyl chain length were carried out as outlined 
in Scheme 2.1, starting from commercially available 4-bromo-1,8-naphthalic anhydride 
in 4 steps in a moderate overall yield. Compounds 10e and 10f having an amino group 





Scheme 2.1. Synthesis of DALGreen. 
First, to clarify the effect of the alkyl chain length as well as the amino group at the 
tail end, we compared 10a-f in their fluorescence enhancement with HeLa cells under 
nutrient-deprived conditions (Figure 2.2). While only DALGreen (10b) and 10c showed 
fluorescence with starved cells, DALGreen that has a medium-length pentyl group was 
found to be the most bright and hence was used in the following experiments. The 
observation that less hydrophobic 10a was non-fluorescent and more hydrophobic 10c 
and 10d exhibited very weak fluorescence suggests that another factor, other than 
hydrophobicity, may be important to regulate an interaction between the dyes and the 
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membrane. Interestingly, the amino group at the tail end as in 10e and 10f showed no 
significant effects in the fluorescence enhancement although the reason is unclear. 
 
Figure 2.2   Fluorescence images of DALGreen and its analogs (1 μM) with HeLa cells under 
nutrient-rich (control) or nutrient-deprived condition (starved). 
The fluorescence properties of DALGreen under cell-free conditions at various pH 
are shown in Figure 2.3. When pH was decreased from 8 to 4, the fluorescence 
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enhanced about 100-fold, whereas the absorption maximum of DALGreen slightly 
shifted to shorter wavelength. The fluorescence enhancement at acidic pH may be 
explained by a photoinduced electron transfer (PeT) mechanism in which the piperazine 
group quenches the fluorescence at neutral pH but the fluorescence is restored owing to 
the protonation of this quenching group at acidic pH. Moreover, the fluorescence was 
largely influenced by hydrophobicity, as observed in the diminished fluorescence in 
aqueous acetonitrile with increasing water content (Figure 2.3C). 
 
 
Figure 2.3   Absorption (A) and emission (B) spectra of DALGreen (5.0 μM) in buffer solutions (pH 
4.0 – 8.0), excited at 405 nm. (C) Fluorescence spectra of DALGreen (5.0 μM) excited at 405 nm in 
aqueous acetonitrile solutions. A working solution of DALGreen (1.0 mM in DMSO) was diluted with 
MES buffer. 
In order to confirm whether the fluorescence corresponds to the autophagic activity, 
Western blot analysis and immunohistochemistry were performed using an anti-LC3 
antibody to detect LC3-I and LC3-II, autophagosomal membrane markers, with starved 
HeLa cells that had been stained with DALGreen prior to starvation (Figure 2.4). As 
autophagy progressed with increasing incubation times, the fluorescence increased in 
parallel with the increasing expression of LC3-II as well as decreasing LC3-I, which is 
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considered to correlate with autophagosomal membrane formation. Although the 
expression level of LC3 can change during autophagy for various reasons, the 
fluorescence enhancement observed here most likely occurred in response to the 
autophagic activity. The fluorescence images also corresponded to those that were fixed 
and co-stained with the antibody and a nucleic acid stain (Figure 2.4B). These 
fluorescence images appear to indicate that fluorescent DALGreen localizes in 
autophagosomal membrane, or that DALGreen localized in the membrane enhances its 
fluorescence.  
 
Figure 2.4  (A) Live cell imaging with DALGreen (1 μM) in every 2 h with nutrient-deprived HeLa 
cells. (B) Immunohistochemical analysis of LC3 expression with fixed HeLa cells under the same 
conditions as in (A). Blue fluorescence is from DAPI. Scale bar: 20 μm. (C) Western blot analysis of 
LC3-I and LC3-II expression with lysed HeLa cells under the same conditions as in (A). 
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However, when the dye was added after the formation of autophagosome, it did not 
produce any fluorescence, suggesting that, in either way, DALGreen is incorporated into 
the membrane during the formation of autophagosome (data not shown). This is also 
supported by a co-staining experiment with starved HeLa cells using LysoTracker that 
stains lysosome that fuses with autophagosome in the late phase (Figure 2.5A). The 
fluorescence image of DALGreen which overlapped with that of LysoTracker reveals 
that autophagosome stained with the dye fused with lysosome (to form autolysosome) 
in the late-phase autophagy. Figure 2.5B shows fluorescence images of the dye with 
starved cells in the presence of an autophagy inhibitor, 3-methyladenine (3-MA). As a 
PI3 kinase inhibitor, 3-MA is known to prevent autophagosome formation in the initial 
phase of autophagy.39 Since DALGreen exhibited no fluorescence when the 
autophagosome formation was blocked, it seems to provide further evidence that the 





Figure 2.5  (A) Co-staining experiments of autophagy-induced HeLa cells with DALGreen (1 μM) and 
LysoTracker (50 nM). (B) Confocal microscopic images of starved HeLa cells stained with DALGreen (1 
μM); nutrient-rich (control), nutrient-deprived (starved) and nutrient-deprived conditions with 3-MA 
(starved+3-MA). Scale bar: 20 μm 
As DALGreen has the pH-dependent fluorescence profile in which the fluorescence 
enhances at acidic pH and therefore is not suitable for monitoring early-phase autophagy, 
we next focused on developing a fluorescent probe that tends to fluoresce 
pH-independently, and synthesized analogous compounds, DAPGreen (12a) and 12b, 






Scheme 2.2. Synthesis of DAPGreen. 
While of roughly the same size as DALGreen, DAPGreen has 5-aminopentyl group as 
the head group instead of the pH-sensitive piperazine moiety of DALGreen. Compared 
with DAPGreen that has only terminal amino functionality in the head group, 12b has 
the same alkyl chain except an additional amino functionality in the middle of the head 
group, which is expected to influence the pH-fluorescence profile possibly through a 
PeT mechanism. In fact, a sharp contrast between DAPGreen and 12b in their 
pH-dependency of the fluorescence was observed (Figure 2.6B versus 2.6D), although 






Figure 2.6   Absorption and emission spectra of DAPGreen (A and B, respectively) and 12b (C and D, 
respectively), excited at 450 nm in buffer solutions (pH 4.0 – 8.0). A working solution of DAPGreen (1.0 
mM in DMSO) was diluted with MES buffer at the concentration of 5.0 μM. 
The fluorescence quenching observed with 12b at neutral pH (and not with DAPGreen) 
indicates that, in the piperazine moiety of DALGreen, the nitrogen atom distant from 
the naphthalene ring might be responsible for the fluorescence quenching at neutral pH 
through the PeT mechanism, for which further study might be needed.   
When added to starved HeLa cells, DAPGreen showed fluorescence, but compared to 
DALGreen, the fluorescence brightness seemed nearly unchanged during autophagy 
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(Figure 2.7A). Figure 2.7B compares DALGreen and DAPGreen under the same 
conditions with starved HeLa cells in the presence of chloroquine or bafilomycin A1. 
 
Figure 2.7  (A) Live cell imaging with DAPGreen (0.1 μM) in every 2 h with nutrient-deprived HeLa 
cells. (B) DAPGreen (0.1 μM) was compared with DALGreen (1 μM) in their fluorescence images with 
starved HeLa cells in the presence of autophagy inhibitors (baf: bafilomycin A1, CLQ: chloroquine). 
Scale bar: 20 μm. 
While both chloroquine and bafilomycin A1 inhibit the late-phase autophagy with 
different mechanisms, chloroquine, although its target is unknown, is thought to inhibit 
autolysosome formation in the last step with decreasing pH,40 whereas bafilomycin A1 
prevents acidification by blocking vacuolar H+ ATPase.41-42 The fluorescence of both 
dyes became even brighter when autophagy was impaired by chloroquine. This 
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fluorescence increase is possibly due to the accumulation of autophagosomal 
components because the late phase of autolysosome formation was blocked in this case. 
Bafilomycin A1, by contrast, quenched the fluorescence of DALGreen because this 
inhibitor blocks pumping in H+ and renders the autophagosomal pH neutral. Compared 
to DALGreen, DAPGreen seemed to be unresponsive to bafilomycin A1, with the 
fluorescence intensity being almost constant with the absence of pH-sensitive nitrogen 
atom in the head group. It is therefore expected that the fluorescence of DAPGreen 
remains to be bright during the process of autophagy after the formation of 
autophagosome. High-magnification fluorescence images of DALGreen and DAPGreen 
shown in Figure 2.8, both taken with starved HeLa cells co-stained with LysoTracker, 





Figure 2.8  High-magnification images of autophagy-induced HeLa cells with DALGreen (1 μM) and 
DAPGreen (0.1 μM), both co-stained with LysoTracker (50 nM). Scale bar: 20 μm. 
In a separate experiment, the cytotoxicity of DALGreen and DAPGreen were also 
checked; it was found that both dyes were not cytotoxic at least up to 1.0 μM, the 






Figure 2.9   Cell viability of DALGreen and DAPGreen with HeLa cells measured with CCK-8. The 
cell viability is shown as the percentage so that the dye-free cell viability becomes 100 %. 
As we were interested to know whether the terminal amino group in both DALGreen 
and DAPGreen is necessary for these dyes to be incorporated into autophagosomal 
membrane, we also synthesized 9g (Figure 2.1) that has no terminal amino group both 
in the head and the tail groups, and performed staining experiments using an artificial 
liposome (Figure 2.10) as well as with starved HeLa cells (Figure 2.11).  
 
Figure 2.10  Confocal microscopic images of liposomes treated with 9g, DALGreen or DAPGreen in 




Figure 2.11   Live cell imaging of HeLa cells stained with 9g or DALGreen in nutrient-deprived 
condition. The upper panel shows the merged images of transfer and fluorescence, and the lower panel 
shows fluorescence only. Scale bar: 20 μm. 
In both cases, fluorescence from 9g was not observed, indicating that 9g was not 
involved either in the liposomal or autophagosomal membrane formation, while both 
DALGreen and DAPGreen were fluorescent under these conditions. These findings led 
us to assume that, by having the terminal amino group in the head group, these 
amphiphilic dyes of detergent-like structure can mimic cellular membrane 
phospholipids such as phosphatidylethanolamine, with most part of the dye structure 




Figure 2.12   A proposed staining mechanism of autophagosomal membrane with DALGreen or 
DAPGreen 
This staining mechanism is also supported by an experiment in which the starved HeLa 
cells stained with DALGreen or DAPGreen were fixed with 4% formaldehyde and to 
the cells was added Triton x-100; the addition of the detergent resulted in a reduction of 
the fluorescence intensity probably because the dye leaked out of the membrane (data 
not shown). Taken together, it is most likely that DALGreen and DAPGreen are taken 
up into the membrane in the initial step of autophagosomal membrane formation, and 
DALGreen enhances its fluoresce in response to acidification during the formation of 
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autolysosome in the late-phase autophagy whereas the fluorescence of DAPGreen 
remains unchanged throughout the autophagic process. 
In conclusion, there is a great demand for a reliable and convenient method to 
visualize autophagy, which led us to develop two small-molecule fluorescent probes, 
DALGreen and DAPGreen, using a chemical biology approach. While both dyes stain 
autophagosomes, they have different fluorescent properties; the fluorescence of 
DALGreen enhances at acidic pH, which is suitable for monitoring the late-phase 
autophagy, whereas DAPGreen remains fluorescent with nearly constant brightness 
from the early phase of autophagy. By using both dyes, autophagic flux from 
autophagosome to autolysosome formation can be visualized in live cells by 
fluorescence microscopy, which is a useful technique to study the mechanism of 
autophagy as well as its biological roles particularly in connection with other cellular 
organelles. We will focus in the future to develop fluorescent probes that are able to 
visualize autophagic flux as, for example, a fluorescence change as autophagy proceeds, 
thus enabling ratiometric measurements, or that have a potential to be used in 
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Reagents and Instruments 
Reagents and buffers were purchased from Tokyo Chemical Industries, Wako Pure 
Chemical, Aldrich Chemical Co., and Thermo, and were used without purification. 
1H-NMR, 13C-NMR and 31P-NMR spectra were recorded on a Bruker AVANCE III HD 
400 MHz spectroscopy. Mass spectra were measured with a JMS-T100CS (JEOL), 
Waters SQD2 (Waters), or LCQ Advantage MAX (Thermo). UV-visible spectra were 
obtained on a UV-2450 UV/Vis spectrophotometer (SHIMADZU); fluorescence spectra 
were measured on a FP-6300 fluorescence spectrophotometer (JASCO). Fluorescence 
images were obtained with LSM 800 confocal laser scanning microscopy (ZEISS), 
excited at 488 nm (for MitoTracker Green and GFP-LC3) or 561 nm (for Mtphagy Dye) 
using a 500 – 550 nm (for MitoTracker Green and GFP-LC3) or 650 nm (for Mtphagy 
Dye) long-pass filter. Cell viability assay on 96-well plates was performed with an 





Synthesis of Mtphagy Dye 
Compound 2 
 
A mixture of perylene-3, 4-dicarboxylic anhydride (1)1 (1.5 g, 4.5 mmol) and β-alanine 
benzyl ester p-toluenesulfonate (1.86 g, 5.3 mmol) in quinoline (150 mL) was stirred in 
the presence of zinc acetate (795 mg, 3.6 mmol) at 120 oC under argon overnight. The 
reaction mixture was diluted with CHCl3 and then washed with 3N HCl three times. The 
organic layer was dried over Na2SO4 and evaporated to dryness. The obtained residue 
was purified by silica gel column chromatography eluted with CHCl3 / AcOEt (9/1, v/v) 
to yield 1.0 g (42%) of compound 2 as a dark red solid. 1H-NMR (400 MHz, CDCl3) δ: 
2.85 (t, 2H, J = 7.2 Hz), 4.53 (t, 2H, J = 7.2 Hz), 5.14 (s, 2H), 7.26-7.32 (m, 4H), 7.61 (t, 
2H, J = 7.6 Hz), 7.88 (d, 2H, J = 8.0 Hz), 8.32 (d, 2H, J = 7.4 Hz), 8.38 (d, 2H, J = 7.1 







To a solution of compound 2 (1.0 g, 2.0 mmol) in THF-EtOH (80/20, v/v) was added 
10% Pd/C (50 mg). The reaction mixture was stirred overnight under H2 and then 
evaporated under reduced pressure. The obtained crude product was used in the next 







A mixture of crude acid 3 (1.0 g, 2.54 mmol), 2-aminoethyl-triphenylphosphonium 
bromide2 (981 mg, 1.0 eq, 2.54 mmol) and 
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM) (830 
mg, 1.2 eq, 3.05 mmol) in DMF (250 mL) was stirred at room temperature under argon 
overnight. N-Ethyldiisopropylamine (5 mL) was added dropwise to the mixture and the 
resulting solution was stirred at room temperature overnight. The mixture was 
evaporated under reduced pressure, and the residue was purified by silica gel column 
chromatography eluted with CHCl3 / MeOH (9/1, v/v) to yield 1.0 g (52%) of 
compound 4 as a dark red solid. 1H-NMR (400 MHz, CDCl3) δ: 2.65 (t, 2H, J = 7.4 Hz), 
3.73-3.81 (m, 2H), 3.86-3.93 (m, 2H), 4.40 (t, 2H, J = 7.4 Hz), 7.56 (t, 2H, J = 7.7 Hz), 
7.69-7.86 (m, 15H), 8.20 (d, 2H, J = 8.1 Hz), 8.29 (d, 2H, J = 7.6 Hz), 8.38 (d, 2H, J = 
8.0 Hz), 8.80 (t, 1H); 13C-NMR (101 MHz, CDCl3): δ 171.9, 163.6, 136.9, 135.3, 135.2, 
135.1, 134.2, 133.8, 133.7, 133.6, 131.2, 130.7, 130.6, 130.5, 130.4, 129.7, 129.1, 127.7, 
126.9, 126.6, 123.5, 120.8, 120.0, 118.4, 117.5, 36.5, 35.5, 33.9, 33.0, 29.7, 22.9, 22.4; 






A mixture of compound 4 (1.0 g, 1.3 mmol) and potassium carbonate (539 mg, 3.9 
mmol, 3.0 eq) in 1,2-dichloroethane (150 mL) was added dropwise to bromine (85 μL, 
3.28 mmol, 2.5 eq) in 1,2-dichloroethane (5 mL), and the reaction mixture was warmed 
to 100 °C. After being stirred for 2 h at this temperature, the mixture was filtered and 
concentrated under reduced pressure. The obtained residue was purified by silica gel 
column chromatography eluted with CHCl3 / AcOEt (9/1, v/v) to yield 500 mg (45%) of 
compound 5 as a reddish solid. 1H-NMR (400 MHz, CDCl3) δ: 2.65 (t, 2H, J = 7.3 Hz), 
2.79 (s, 4H), 3.24 (s, 4H), 3.68 (s, 2H), 3.72-3.77 (m, 2H), 3.83-3.88 (m, 2H), 4.41 (t, 
2H, J = 7.3 Hz), 4.6 (s, 2H), 7.66-7.86 (m, 17H), 8.13 (d, 1H, J = 7.3 Hz), 8.25 (d, 2H, J 
= 8.3 Hz), 8.29 (d, 1H, J = 7.3 Hz), 8.38 (d, 1H, J = 7.4 Hz), 8.43-8.48 (m, 2H), 9.19 (t, 
1H); 13C-NMR (101 MHz, CDCl3): δ 171.9, 163.4, 136.1, 136.0, 135.3, 133.7, 133.6, 
132.6, 131.2, 131.0, 130.6, 130.5, 129.7, 129.4, 128.8, 127.9, 126.0, 125.9, 124.1, 123.5, 
121.1, 120.5, 120.2, 118.3, 117.5, 36.5, 33.9, 33.0; 31P-NMR (161 MHz, CDCl3): δ 







To a stirred solution of compound 5 (500 mg, 0.59 mmol) in 2-methoxyethanol (150 
mL) was added piperazine (3.5 g, 40 mmol, 66.6 eq) at room temperature. The resulting 
mixture was stirred at 140 °C overnight and was evaporated in vacuo. The residue was 
dissolved in CHCl3 and the CHCl3 solution was washed with water three times. The 
CHCl3 layer was separated, to which was added 1N HCl, yielding 300 mg (59%) of 
compound 6 as a dark violet solid. 1H-NMR (400 MHz, CD3OD) δ: 2.56 (t, 2H, J = 6.7 
Hz), 3.15 (m, 1H), 3.50 (m, 1H), 13C-NMR (101 MHz, CDCl3): δ 172.7, 163.3, 152.8, 
136.8, 135.1, 133.5, 133.4, 130.3, 130.1, 127.8, 124.8, 123.8, 122.6, 119.0, 118.6, 118.5, 
118.2, 117.6, 115.3, 53.4, 36.5, 34.0, 32.9; 31P-NMR 3.52-3.63 (m, 4H), 4.40 (t, 2H, J = 
6.8 Hz), 7.20 (d, 1H, J = 8.4 Hz), 7.58 (t, 1H, J = 7.9 Hz), 7.74–7.93 (m, 15H), 8.09–
8.19 (m, 5H, J = 8.5 Hz), 8.30 (d, 1H, J = 7.4 Hz), 8.36 (d, 1H); 13C-N (161 MHz, 






A mixture of compound 6 (300 mg, 0.35 mmol), α, α'-dichloro-p-xylene (1.25 g, 7.1 
mmol, 20.0 eq) and K2CO3 (50 mg, 0.35 mmol, 1.0 eq) in dry acetonitrile (150 mL) was 
stirred at 90 oC overnight. After being cooled, the reaction mixture was filtered and the 
filtrate was evaporated. The crude product was purified by silica gel column 
chromatography eluted with CHCl3 / MeOH (5/5, v/v) to yield 80 mg (23%) of 
Mtphagy Dye as a dark violet solid. 1H-NMR (400 MHz, CDCl3) δ: 2.65 (t, 2H, J = 7.3 
Hz), 2.79 (s, 4H), 3.24 (s, 4H), 3.68 (s, 2H), 3.72-3.77 (m, 2H), 3.83-3.88 (m, 2H), 4.41 
(t, 2H, J = 7.3 Hz), 4.6 (s, 2H), 7.16 (d, 1H, J = 7.3 Hz), 7.37-7.42 (m, 4H), 7.57 (t, 1H, 
J = 7.9 Hz), 7.68-7.84 (m, 15H), 8.13-8.28 (m, 4H), 8.33-8.41 (m, 3H), 9.19 (t, 1H); 
13C-NMR (101 MHz, CDCl3): δ 172.0, 163.7, 137.4, 135.2, 133.7, 133.6, 131.4, 131.2, 
130.6, 130.5, 129.9, 129.5, 128.9, 128.6, 126.6, 126.1, 124.6, 123.8, 119.7, 119.6, 118.9, 
118.4, 117.6, 115.7, 53.4, 53.0, 46.1, 36.4, 33.9, 33.0, 22.8; 31P-NMR (161 MHz, 
CDCl3): δ 20.9; HRMS (ESI+): calcd for [M]+, 903.32308; Found, 903.32004; 
Elemental analysis calcd. for C57H49Cl2N4O3P + 3H2O: C, 68.88; H, 5.58; N, 5.64. 
Found: C, 68.65; H, 5.16; N, 5.87. 
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Syntheses of DALGreen and DAPGreen 
6-Bromo-2-propyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (7a) 
 
A mixture of 4-bromo-1,8-naphthalic anhydride (1.0 g, 3.6 mmol), propylamine (298 
mg, 5.04 mmol, 1.4 eq) and DMAP (528 mg, 4.3 mmol, 1.2 eq) in EtOH (50 mL) was 
stirred at 80 °C for 16 h. After the reaction mixture was cooled, the precipitate was 
filtered and dried to yield 930 mg (84%) of 7a as a yellow solid. 1H-NMR (400 MHz, 
CDCl3) δ: 8.65 (d, 1H, J = 7.2 Hz), 8.55 (d, 1H, J = 8.5 Hz), 8.40 (d, 1H, J = 7.8 Hz), 
8.03 (d, 1H, J = 7.8 Hz), 7.84 (t, 1H, J = 7.8 Hz), 4.13 (t, 2H, J = 7.5 Hz), 1.79-1.71 (m, 
2H), 1.01 (t, 3H, J = 7.3 Hz); 13C-NMR (101 MHz, CDCl3): δ 163.5, 133.1, 131.9, 
131.1, 131.0, 130.5, 130.1, 128.9, 128.0, 123.1, 122.2, 42.0, 21.3, 11.5. 
 
6-Bromo-2-pentyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (7b) 
Compound 7b was prepared in the same manner as for 7a with amylamine, instead of 
propylamine, in 80% yield as a yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.65 (d, 
1H, J = 7.2 Hz), 8.56 (d, 1H, J = 8.5 Hz), 8.40 (d, 1H, J = 7.8 Hz), 8.03 (d, 1H, J = 7.8 
Hz), 7.84 (t, 1H, J = 7.8 Hz), 4.16 (t, 2H, J = 7.5 Hz), 1.75-1.69 (m, 2H), 1.42-1.38 (m, 
4H), 0.91 (t, 3H, J = 7.3 Hz); 13C-NMR (101 MHz, CDCl3): δ 163.5, 133.1, 131.9, 







Compound 7c was prepared in the same manner as for 7a with heptylamine in 56% 
yield as a yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.65 (d, 1H, J = 7.2 Hz), 8.56 (d, 
1H, J = 8.5 Hz), 8.41 (d, 1H, J = 7.8 Hz), 8.03 (d, 1H, J = 7.8 Hz), 7.84 (t, 1H, J = 7.8 
Hz), 4.16 (t, 2H, J = 7.5 Hz), 1.76-1.68 (m, 2H), 1.43-1.30 (m, 8H), 0.89 (t, 3H, J = 7.3 
Hz); 13C-NMR (101 MHz, CDCl3): δ 163.5, 133.1, 131.9, 131.1, 131.0, 130.5, 130.1, 
128.9, 128.0, 123.1, 122.2, 40.6, 31.7, 29.0, 28.0, 27.0 22.6, 14.0. 
 
6-Bromo-2-decyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (7d) 
Compound 7d was prepared in the same manner as for 7a with 1-aminodecane in 50% 
yield as a yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.65 (d, 1H, J = 7.2 Hz), 8.56 (d, 
1H, J = 8.5 Hz), 8.41 (d, 1H, J = 7.8 Hz), 8.04 (d, 1H, J = 7.8 Hz), 7.84 (t, 1H, J = 7.8 
Hz), 4.16 (t, 2H, J = 7.5 Hz), 1.76-1.68 (m, 2H), 1.45-1.25 (m, 17H), 0.88 (t, 3H, J = 7.3 
Hz); 13C-NMR (101 MHz, CDCl3): δ 163.5, 133.1, 131.9, 131.1, 131.0, 130.5, 130.1, 




Compound 7e was prepared in the same manner as for 7a with 
N-(tert-butoxycarbonyl)-1,2-diaminoethane in 86% yield as a yellow solid. 1H-NMR 
(400 MHz, CDCl3) δ: 8.66 (d, 1H, J = 7.2 Hz), 8.57 (d, 1H, J = 8.5 Hz), 8.41 (d, 1H, J = 
7.8 Hz), 8.04 (d, 1H, J = 7.8 Hz), 7.84 (t, 1H, J = 7.8 Hz), 4.93 (s, 1H), 4.35 (t, 2H, J = 
7.5 Hz), 3.54-3.53 (m, 2H), 1.27 (s, 9H, J = 7.3 Hz); 13C-NMR (101 MHz, CDCl3): δ 
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163.9, 156.0, 133.3, 132.2, 131.3, 131.0, 130.5, 130.3, 129.0, 128.0, 122.8, 122.0, 79.1, 
40.0, 39.5, 28.2. 
tert-Butyl-(4-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)butyl)- 
carbamate (7f) 
Compound 7f was prepared in the same manner as for 7a with 
N-(tert-butoxycarbonyl)-1,4-diaminobutane in 56% yield as a yellow solid. 1H-NMR 
(400 MHz, CDCl3) δ: 8.65 (d, 1H, J = 7.2 Hz), 8.57 (d, 1H, J = 8.5 Hz), 8.41 (d, 1H, J = 
7.8 Hz), 8.04 (d, 1H, J = 7.8 Hz), 7.85 (t, 1H, J = 7.8 Hz), 4.62 (s, 1H), 4.18 (t, 2H, J = 
7.5 Hz), 3.20-3.18 (m, 2H), 1.79-1.75 (m, 2H), 1.62-1.57 (m, 2H), 1.42 (s, 9H, J = 7.3 
Hz); 13C-NMR (101 MHz, CDCl3): δ 163.5, 155.9, 133.2, 132.0, 131.2, 131.0, 130.5, 







To a stirred solution of 7a (500 mg, 1.5 mmol) in 2-methoxyethanol (50 mL) was added 
piperazine (1.3 g, 15 mmol, 10 eq). The resulting mixture was stirred at 120 °C for 16 h 
and was evaporated in vacuo. The crude product was purified by silica-gel column 
chromatography with CHCl3 / MeOH (7/3, v/v) eluent to yield 400 mg (82%) of 8a as a 
yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.58 (d, 1H, J = 7.2 Hz), 8.52 (d, 1H, J = 
8.5 Hz), 8.42 (d, 1H, J = 7.8 Hz), 7.69 (t, 1H, J = 7.8 Hz), 7.21 (d, 1H, J = 7.8 Hz), 4.13 
(t, 2H, J = 7.5 Hz), 3.22 (d, 8H, J = 7.8 Hz), 1.78-1.73 (m, 2H), 1.01 (t, 3H, J = 7.3 Hz); 
13C-NMR (101 MHz, CDCl3): δ 164.5, 164.0, 156.3, 132.5, 131.0, 130.2, 129.9, 126.2, 




Compound 8b was prepared in the same manner as for 8a from 7b in 79% yield as a 
yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.56 (d, 1H, J = 8.5 Hz), 8.51 (d, 1H, J = 
7.8 Hz), 8.41 (d, 1H, J = 7.8 Hz), 7.69 (t, 1H, J = 7.8 Hz), 7.21 (d, 1H, J = 7.2 Hz), 4.15 
(t, 2H, J = 7.5 Hz), 3.24-3.21 (m, 2H), 1.91 (s, 2H), 1.72 (m, 2H), 1.39 (s, 4H), 0.91 (t, 
3H, J = 7.3 Hz); 13C-NMR (101 MHz, CDCl3): δ 164.4, 163.9, 156.3, 132.5, 131.0 
130.2, 129.8, 126.1, 125.5, 123.2, 116.7, 114.8, 54.4, 46.2, 40.2, 29.2, 27.8, 22.4, 14.0; 





Compound 8c was prepared in the same manner as for 8a from 7c in 79% yield as a 
yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.57 (d, 1H, J = 8.5 Hz), 8.51 (d, 1H, J = 
7.8 Hz), 8.41 (d, 1H, J = 7.8 Hz), 7.69 (t, 1H, J = 7.8 Hz), 7.21 (d, 1H, J = 7.2 Hz), 4.15 
(t, 2H, J = 7.5 Hz), 3.25-3.20 (m, 8H), 1.75-1.68 (m, 2H), 1.43-1.28 (m, 8H), 0.89 (t, 3H, 
J = 7.3 Hz); 13C-NMR (101 MHz, CDCl3): δ 164.3, 163.8, 156.2, 132.4, 130.9 130.1, 
129.7, 126.3, 126.0, 125.5, 123.2, 116.6, 114.8, 54.3, 46.2, 40.2, 31.7, 31.5, 29.0, 28.8, 
28.1, 27.2, 27.1, 22.7, 22.5, 22.4, 14.0; ESI-MS: calcd for [M]+, 379.2; found, 379.7. 
 
2-Decyl-6-(piperazin-1-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (8d) 
Compound 8d was prepared in the same manner as for 8a from 7d in 79% yield as a 
yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.57 (d, 1H, J = 8.5 Hz), 8.51 (d, 1H, J = 
7.8 Hz), 8.41 (d, 1H, J = 7.8 Hz), 7.69 (t, 1H, J = 7.8 Hz), 7.22 (d, 1H, J = 7.2 Hz), 4.15 
(t, 2H, J = 7.5 Hz), 3.25-3.20 (m, 8H), 1.75-1.67 (m, 2H), 1.44-1.25 (m, 14H), 0.88 (t, 
3H, J = 7.3 Hz); 13C-NMR (101 MHz, CDCl3): δ 164.3, 163.9, 156.2, 132.4, 130.9 
130.1, 129.8, 126.1, 125.8, 125.5, 123.2, 116.7, 114.8, 54.3, 46.2, 40.3, 31.8, 31.6, 29.5, 




Compound 8e was prepared in the same manner as for 8a from 7e in 82% yield as a 
yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.57 (d, 1H, J = 8.5 Hz), 8.51 (d, 1H, J = 
7.8 Hz), 8.40 (d, 1H, J = 7.8 Hz), 7.68 (t, 1H, J = 7.8 Hz), 7.20 (d, 1H, J = 7.2 Hz), 5.08 
(s, 1H), 4.34 (t, 2H, J = 7.5 Hz), 3.52-3.51 (m, 2H), 3.23-3.21 (m, 8H), 1.30 (s, 9H); 
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13C-NMR (101 MHz, CDCl3): δ 164.8, 164.3, 156.5, 156.0, 132.8, 131.3, 130.4, 129.9, 
126.1, 125.6, 123.0, 116.3, 114.9, 79.0, 54.3, 46.2, 39.9, 39.6, 28.2; ESI-MS: calcd for 




Compound 8f was prepared in the same manner as for 8a from 7f in 66% yield as a  
yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.57 (d, 1H, J = 8.5 Hz), 8.50 (d, 1H, J = 
7.8 Hz), 8.41 (d, 1H, J = 7.8 Hz), 7.69 (t, 1H, J = 7.8 Hz), 7.21 (d, 1H, J = 7.2 Hz), 4.67 
(s, 1H), 4.18 (t, 2H, J = 7.5 Hz), 3.25-3.18 (m, 10H), 1.78-1.74 (m, 2H), 1.62-1.58 (m, 
2H), 1.42 (s, 9H); 13C-NMR (101 MHz, CDCl3): δ 164.5, 164.0, 156.4, 155.9, 132.6, 
131.1, 130.3, 129.9, 126.1, 125.6, 123.2, 116.6, 114.9, 79.0, 54.4, 46.2, 40.2, 39.7, 28.4, 








A mixture of 8a (500 mg, 1.5 mmol), 2-(Boc-amino)ethyl bromide (827 mg, 3.7 mmol, 
2.5 eq) and potassium carbonate (510 mg, 3.7 mmol, 2.5 eq) in acetonitrile (50 mL) was 
stirred at 90 °C for 16 h. After being cooled, the reaction mixture was filtered and the 
filtrate was evaporated. The crude product was purified by silica-gel column 
chromatography with CHCl3 / MeOH (9/1, v/v) eluent to yield 380 mg (54%) of 9a as a 
yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.58 (d, 1H, J = 7.2 Hz), 8.51 (d, 1H, J = 
8.5 Hz), 8.39 (d, 1H, J = 7.8 Hz), 7.68 (t, 1H, J = 7.8 Hz), 7.21 (d, 1H, J = 7.8 Hz), 5.01 
(s, 1H), 4.13 (t, 2H, J = 7.5 Hz), 3.29 (m, 6H), 2.79 (s, 4H), 2.62 (t, 2H, J = 7.3 Hz), 
1.78-1.73 (m, 2H), 1.47 (s, 9H), 1.00 (t, 3H, J = 7.3 Hz); 13C-NMR (101 MHz, CDCl3): 
δ 164.4, 163.9, 155.9, 155.8, 132.4, 131.0, 130.1, 129.8, 126.1, 125.6, 123.2, 116.7, 
114.8, 79.2, 61.9, 57.2, 52.9, 42.3, 41.7, 37.1, 28.4, 23.2, 21.4, 11.5; ESI-MS: calcd for 




Compound 9b was prepared in the same manner as for 9a from 8b in 48% yield as a 
yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.58 (d, 1H, J = 8.5 Hz), 8.51 (d, 1H, J = 
7.8 Hz), 8.39 (d, 1H, J = 7.8 Hz), 7.68 (t, 1H, J = 7.8 Hz), 7.21 (d, 1H, J = 7.2 Hz), 4.99 
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(s, 1H), 4.15 (t, 2H, J = 7.5 Hz), 3.29 (s, 6H), 2.78 (s, 4H), 2.62 (m, 2H), 1.72 (m, 2H), 
1.47 (s, 9H), 1.39 (s, 2H), 1.39 (s, 4H), 0.91 (t, 3H, J = 7.3 Hz); 13C-NMR (101 MHz, 
CDCl3): δ 164.4, 164.0, 155.9, 155.8, 132.5, 131.0 130.1, 129.8, 126.1, 125.6, 123.3, 
116.8, 114.9, 79.3, 57.2, 53.0, 45.7, 40.3, 37.1, 29.7, 29.2, 28.4, 27.8, 22.4, 14.0; 




Compound 9c was prepared in the same manner as for 9a from 8c in 53% yield as a 
yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.56 (d, 1H, J = 8.5 Hz), 8.51 (d, 1H, J = 
7.8 Hz), 8.39 (d, 1H, J = 7.8 Hz), 7.68 (t, 1H, J = 7.8 Hz), 7.21 (d, 1H, J = 7.2 Hz), 4.99 
(s, 1H), 4.15 (t, 2H, J = 7.5 Hz), 3.29 (s, 6H), 2.78 (s, 4H), 2.62 (t, 2H, J = 7.8 Hz), 
1.75-1.68 (m, 2H), 1.47 (s, 9H), 1.43-1.28 (m, 8H), 0.87 (t, 3H, J = 7.3 Hz); 13C-NMR 
(101 MHz, CDCl3): δ 164.4, 164.0, 155.9, 155.8, 132.4, 131.0 130.1, 129.8, 126.1, 
125.6, 123.3, 116.8, 114.9, 79.3, 57.2, 53.0, 40.3, 31.7, 29.6, 29.0, 28.4, 28.1, 27.9, 27.1, 




Compound 9d was prepared in the same manner as for 9a from 8d in 50% yield as a 
yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.58 (d, 1H, J = 8.5 Hz), 8.51 (d, 1H, J = 
7.8 Hz), 8.39 (d, 1H, J = 7.8 Hz), 7.68 (t, 1H, J = 7.8 Hz), 7.21 (d, 1H, J = 7.2 Hz), 4.99 
(s, 1H), 4.15 (t, 2H, J = 7.5 Hz), 3.29 (s, 6H), 2.78 (s, 4H), 2.62 (t, 2H, J = 7.8 Hz), 
1.75-1.67 (m, 2H), 1.47 (s, 9H), 1.44-1.25 (m, 14H), 0.88 (t, 3H, J = 7.3 Hz); 13C-NMR 
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(101 MHz, CDCl3): δ 164.4, 163.9, 155.9, 155.8, 132.4, 131.0 130.1, 129.8, 126.1, 
125.6, 123.3, 116.8, 114.8, 79.2, 61.2, 57.2, 53.0, 40.3, 37.1, 31.8, 29.5, 29.4, 29.3, 28.7, 




Compound 9e was prepared in the same manner as for 9a from 8e in 54% yield as a 
yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.58 (d, 1H, J = 8.5 Hz), 8.52 (d, 1H, J = 
7.8 Hz), 8.40 (d, 1H, J = 7.8 Hz), 7.68 (t, 1H, J = 7.8 Hz), 7.21 (d, 1H, J = 7.2 Hz), 5.01 
(s, 2H), 4.33 (bs, 2H), 3.52-3.51 (m, 2H), 3.29 (s, 6H), 2.79 (s, 4H), 2.62 (bs, 2H), 1.47 
(s, 9H), 1.30 (s, 9H); 13C-NMR (101 MHz, CDCl3): δ 164.8, 164.3, 156.0, 155.9, 132.8, 
131.3, 130.4, 130.0, 126.1, 125.6, 123.0, 116.5, 114.9, 79.3, 79.0, 57.2, 53.0, 52.9, 39.9, 




Compound 9f was prepared in the same manner as for 9a from 8f in 81% yield as a 
yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.57(d, 1H, J = 8.5 Hz), 8.51 (d, 1H, J = 
7.8 Hz), 8.40 (d, 1H, J = 7.8 Hz), 7.68 (t, 1H, J = 7.8 Hz), 7.21 (d, 1H, J = 7.2 Hz), 4.98 
(s, 1H), 4.62 (s, 1H),  4.18 (t, 2H, J = 7.8 Hz), 3.29 (s, 6H), 3.19-3.18 (m, 2H), 2.79 (s, 
4H), 2.62 (t, 2H, J = 7.8 Hz), 1.78-1.74 (m, 2H), 1.62-1.58 (m, 2H), 1.47 (s, 9H), 1.42 (s, 
9H); 13C-NMR (101 MHz, CDCl3): δ 164.5, 164.0, 155.9, 132.6, 131.1, 130.3, 129.8, 
126.1, 125.6, 123.2, 116.7, 114.9, 79.3, 79.0, 57.2, 53.0, 40.2, 39.7, 37.1, 28.4, 27.5, 





Compound 9g was prepared in the same manner as for 9a from 8b with 1-iodopropane 
in 74% yield as a yellow solid. 1H-NMR (400 MHz, CDCl3) δ: 8.57 (d, 1H, J = 8.5 Hz), 
8.51 (d, 1H, J = 7.8 Hz), 8.40 (d, 1H, J = 7.8 Hz), 7.68 (t, 1H, J = 7.8 Hz), 7.21 (d, 1H, 
J = 7.2 Hz), 4.15 (t, 2H, J = 7.5 Hz), 3.30 (s, 4H), 2.77 (s, 4H), 2.46 (t, 2H, J = 7.8 Hz), 
1.74-1.70 (m, 2H), 1.62-1.56 (m, 2H), 1.40-1.35 (m, 4H), 0.96 (t, 3H, J = 7.3 Hz), 0.90 
(t, 3H, J = 7.3 Hz); 13C-NMR (101 MHz, CDCl3): δ 164.4, 164.0, 155.9, 132.5, 131.0 
130.2, 129.8, 126.1, 125.5, 123.2, 116.6, 114.8, 60.6, 53.2, 53.0, 40.2, 29.2, 27.8, 22.4, 






yl)ethan-1-aminium chloride (10a) 
 
To stirred solution of 9a in THF (5 mL) was added 4N HCl in dioxane (5 mL), and the 
reaction mixture was stirred for 2 h at room temperature. The precipitate was filtered, 
washed with THF and then with CHCl3 and dried over P2O5 to yield 100 mg (77%) of 
10a as a yellow solid. 1H-NMR (400 MHz, CD3OD) δ: 8.61-8.54 (m, 3H), 7.86 (t, 1H, J 
= 8.3 Hz), 7.50 (d, 1H, J = 7.3 Hz), 4.12 (t, 2H, J = 7.3 Hz), 3.71-3.56 (m, 12H), 
1.80-1.71 (m, 2H), 1.01 (t, 3H, J = 7.3 Hz); 13C-NMR (101 MHz, CD3OD): δ 164.2, 
163.7, 153.7, 131.9, 130.9, 129.8, 129.3, 126.3, 126.0, 122.9, 117.8, 115.8, 53.2, 52.5, 




ethan-1-aminium chloride (10b) 
Compound 10b was prepared in the same manner as for 10a from 9b in 80% yield as a 
yellow solid. 1H-NMR (400 MHz, CD3OD) δ: 8.62-8.54 (m, 3H), 7.87 (t, 1H, J = 8.3 
Hz), 7.50 (d, 1H, J = 7.3 Hz), 4.15 (t, 2H, J = 7.3 Hz), 3.68-3.50 (m, 12H), 1.73 (t, 2H, J 
= 8.3 Hz), 1.42 (s, 4H), 0.95 (t, 3H, J = 7.3 Hz); 13C-NMR (101 MHz, CD3OD): δ 164.1, 
163.7, 153.7, 131.9, 130.9, 129.8, 129.3, 126.3, 126.0, 122.9, 117.8, 115.8, 53.2, 52.5, 
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ethan-1-aminium chloride (10c) 
Compound 10c was prepared in the same manner as for 10a from 9c in 70% yield as a 
yellow solid. 1H-NMR (400 MHz, CD3OD) δ: 8.50 (d, 1H, J = 8.3 Hz), 8.43 (d, 1H, J = 
8.3 Hz), 7.80 (t, 1H, J = 8.3 Hz), 7.42 (d, 1H, J = 7.3 Hz), 4.08 (t, 2H, J = 7.3 Hz), 
3.87-3.59 (m, 12H), 1.68 (t, 2H, J = 8.3 Hz), 1.41-1.32 (m, 8H), 0.91 (t, 3H, J = 7.3 
Hz); 13C-NMR (101 MHz, CD3OD): δ 164.1, 163.7, 153.7, 131.8, 130.8, 129.8, 129.3, 
126.3, 126.0, 122.8, 117.8, 115.7, 53.2, 52.5, 49.6, 39.8, 33.7, 31.5, 28.7, 27.6, 26.7, 
22.2, 13.0; HRMS (ESI+): calcd for [M]+, 423.27600; Found, 423.27720. 
 
2-(4-(2-Decyl-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)piperazin-1-yl)- 
ethan-1-aminium chloride (10d) 
Compound 10d was prepared in the same manner as for 10a from 9d in 69% yield as a 
yellow solid. 1H-NMR (400 MHz, CD3OD) δ: 8.56-8.53 (m, 2H), 8.49 (d, 1H, J = 8.3 
Hz), 7.84 (t, 1H, J = 8.3 Hz), 7.46 (d, 1H, J = 7.3 Hz), 4.20 (t, 2H, J = 7.3 Hz), 
3.90-3.58 (m, 12H), 1.74-1.67 (m, 2H), 1.41-1.30 (m, 14H), 0.90 (t, 3H, J = 7.3 Hz); 
13C-NMR (101 MHz, CD3OD): δ 164.1, 163.7, 153.7, 137.7, 131.8, 130.8, 129.8, 129.3, 
128.1, 126.3, 126.0, 124.7, 122.9, 117.8, 115.7, 53.3, 52.5, 49.6, 39.8, 33.9, 33.7, 31.6, 






benzo[de]isoquinolin-6-yl)piperazin-1-yl)ethan-1-aminium chloride (10e) 
Compound 10e was prepared in the same manner as for 10a from 9e in 75% yield as a 
yellow solid. 1H-NMR (400 MHz, CD3OD) δ: 8.67-8.59 (m, 3H), 7.90 (t, 1H, J = 8.3 
Hz), 7.52 (d, 1H, J = 7.3 Hz), 4.49 (t, 2H, J = 7.3 Hz), 3.71-3.57 (m, 12H) ; 13C-NMR 
(101 MHz, DMSO-d6): δ 164.0, 163.5, 153.8, 131.8, 130.6, 130.2, 129.1, 126.3, 125.2, 




benzo[de]isoquinolin-6-yl)-1l3,4-bromazinan-4-yl)ethan-1-aminium chloride (10f) 
Compound 10f was prepared in the same manner as for 10a from 9f in 64% yield as a 
yellow solid. 1H-NMR (400 MHz, CD3OD) δ: 8.63-8.56 (m, 3H), 7.88 (t, 1H, J = 8.3 
Hz), 7.51 (d, 1H, J = 7.3 Hz), 4.22 (t, 2H, J = 7.3 Hz), 3.74-3.57 (m, 12H), 3.03 (t, 2H, J 
= 7.3 Hz), 1.87-1.75 (m, 4H); 13C-NMR (101 MHz, DMSO-d6): δ 164.0, 163.5, 154.3, 
132.5, 131.3, 130.9, 129.4, 127.0, 125.8, 123.1, 117.2, 116.3, 53.4, 51.9, 49.7, 33.8, 








To a stirred solution of 7b (300 mg, 0.86 mmol) in 2-methoxyethanol (40 mL) was 
added tert-butyl-N-(5-aminopentyl)carbamate (210 mg, 1.0 mmol, 1.2 eq). The resulting 
mixture was stirred at 120 °C for 16 h and was evaporated in vacuo. The crude product 
was purified by silica-gel column chromatography with CHCl3 / MeOH (9/1, v/v) eluent 
to yield 310 mg (77%) of 11a as a pale yellow oil. 1H-NMR (400 MHz, CDCl3) δ: 8.58 
(d, 1H, J = 7.2 Hz), 8.46 (d, 1H, J = 8.5 Hz), 8.17 (d, 1H, J = 7.8 Hz), 7.61 (t, 1H, J = 
7.8 Hz), 6.70 (d, 1H, J = 7.8 Hz), 5.38 (bs, 1H), 4.54 (bs, 1H), 4.15 (t, 2H, J = 7.5 Hz), 
3.43-3.39 (m,), 3.22-3.10 (m), 1.85 (t), 1.72 (t), 1.59-1.25 (m), 0.90 (t, 3H); 13C-NMR 
(101 MHz, CDCl3): δ 164.7, 164.1, 156.2, 156.0, 149.5, 134.4, 131.0, 129.8, 126.1, 
124.6, 123.1, 120.2, 104.2, 79.0, 43.6, 40.3, 40.1, 30.1, 29.6, 29.3, 27.8, 24.2, 23.8, 22.4, 




Compound 11b was prepared in the same manner as for 11a with tert-butyl 
(2-((2-aminoethyl)(methyl)amino)ethyl)carbamate, instead of tert-butyl 
-N-(5-aminopentyl)carbamate, in 43% yield as a pale yellow oil. 1H-NMR (400 MHz, 
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CDCl3) δ: 8.58 (d, 1H, J = 7.2 Hz), 8.46 (d, 1H, J = 8.5 Hz), 8.14 (d, 1H, J = 7.8 Hz), 
7.63 (t, 1H, J = 7.8 Hz), 6.68 (d, 1H, J = 7.8 Hz), 6.15 (bs, 1H), 4.79 (bs, 1H), 4.15 (t, 
2H, J = 7.5 Hz), 3.45-3.39 (m, 2H), 3.32-3.29 (m, 2H), 2.84 (t, 2H, J = 7.8 Hz), 2.62 (t, 
2H, J = 7.8 Hz), 2.34 (s, 3H), 1.74-1.69 (m, 2H), 1.42-1.36 (m, 13H), 0.90 (t, 3H, J = 
7.5 Hz); 13C-NMR (101 MHz, CDCl3): δ 164.7, 164.1, 156.0, 149.4, 134.4, 131.0. 129.8, 
126.2, 124.7, 123.1, 120.4, 110.4, 104.4, 56.8, 55.3, 40.1, 29.3, 28.4, 28.3, 27.9, 22.4, 






yl)ethan-1-aminium chloride (12a) 
 
Compound 11a was deprotected in the same manner as for 10a, to give 12a in 23% 
yield as a yellow solid. 1H-NMR (400 MHz, CD3OD) δ: 8.57-8.52 (m, 2H), 8.38 (d, 1H, 
J = 7.3 Hz), 7.67 (t, 1H, J = 8.3 Hz), 6.82 (d, 1H, J = 7.3 Hz), 4.12 (t, 2H, J = 7.3 Hz), 
3.51 (t, 2H, J = 7.3 Hz), 2.97 (t, 2H), 1.89-1.85 (m, 2H), 1.79-1.69 (m, 2H), 1.63-1.57 
(m, 2H), 1.54-1.46 (m, 2H), 1.41 (m, 4H), 0.95 (t, 3H, J = 7.3 Hz); 13C-NMR (101 MHz, 
CD3OD): δ 164.8, 164.4, 151.2, 134.5, 130.8, 129.9, 127.9, 124.1, 122.1, 120.5, 108.0, 
103.6, 42.6, 39.6, 39.2, 39.0, 28.9, 27.6, 27.4, 27.0, 26.6, 23.6, 23.0, 22.0, 12.9; HRMS 
(ESI+): calcd for [M]+, 368.23380; Found, 368.23392. 
 
2-(4-(1,3-Dioxo-2-propyl-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)piperazin-1- 
yl)ethan-1-aminium chloride (12b) 
Compound 11b was deprotected in the same manner as for 10a, to give 12b in 23% 
yield as a yellow solid. 1H-NMR (400 MHz, CD3OD) δ: 8.70 (d, 1H, J = 7.3 Hz), 8.52 
(d, 1H, J = 7.3 Hz), 8.40 (d, 1H, J = 7.3 Hz), 7.70 (t, 1H, J = 8.3 Hz), 6.96 (d, 1H, J = 
7.3 Hz), 4.12 (t, 2H, J = 7.3 Hz), 4.00 (t, 2H, J = 7.3 Hz), 3.85-3.56 (m, 4H), 3.51 (t, 2H, 
J = 7.3 Hz), 3.11 (s, 3H), 1.74-1.67 (m, 2H), 1.45-1.38 (m, 4H), 0.95 (t, 3H, J = 7.3 Hz); 
13C-NMR (101 MHz, CD3OD): δ 164.4, 164.0, 149.5, 133.9, 130.7, 129.2, 128.3, 124.5, 
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121.8, 120.6, 109.9, 104.1, 54.8, 53.0, 39.7, 37.7, 35.2, 34.0, 29.0, 27.4, 22.0, 12.9; 







Mtphagy Dye was dissolved in DMSO to obtain 100 μM stock solution. The absorption 
and fluorescence spectra of Mtphagy Dye (5 μM) were measured at pH 4.0 and pH 7.4 
in 50% (v/v) acetonitrile in acetate or phosphate buffer, respectively. The pH-dependent 
fluorescence intensity of Mtphagy Dye was measured at various pH in 50% DMSO in 
oxalate (pH 1.6), acetate (pH 4.3 and pH 5.0), phosphate (pH 6.8 and pH 7.4), 
tetraborate (pH 9.1) or carbonate buffer (pH 10.0) by a microplate reader at 720 nm 
(excited at 548 nm). 
 
Theoretical Calculations of Mtphagy Dye 
All theoretical calculations were carried out using the Gaussian 09 package program43 
with density function theory at the B3LYP level.44-46 The geometry of Mtphagy Dye 
was optimized by 3-21G* basis sets. Frequency calculations confirmed that the 
optimized structure of the dye has the minimum energy (Table 1.2.). Molecular orbitals, 
population analysis, and TD-DFT calculations were performed at the 6-31G(d) levels 
using B3LYP density functional models. Plots of the Kohn-Sham molecular orbitals are 
shown in Fig. 1.4 and the transition energy and its oscillator strength of the dye are 
summarized in Table 1.2. 
 
Cell Culture 
HeLa cells were cultured in Minimum Essential Media (MEM, Thermo) supplemented 
with 10% (v/v) fetal bovine serum, 1% L-glutamine, 1% non-essential amino acid, 1% 
penicillin, and 1% streptomycin. All cells were maintained in a humidified 5% CO2 
incubator at 37 °C.  
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Fluorescence Images of Mtphagy Dye at Different pH 
HeLa cells were stained with Mtphagy Dye (0.1 μM) and MitoTracker Green (0.1 μM, 
Thermo, USA) for 30 min. After being washed with the culture medium, the cells were 
incubated with high K+ buffer (30 mM NaCl, 120 mM KCl, 1 mM CaCl2, 0.5 mM 
MgSO4, 1 mM NaH2PO4, 5 mM glucose, 20 mM HEPES, and 20 mM NaOAc) at pH 
4.0 in the presence of nigericin (5.0 M) for 15 min at 37 oC, or with HEPES buffer at 
pH 7.4. 
 
Flow Cytometry and Fluorescence Microscopy of Isolated Mitochondria with 
CCCP 
Mitochondria were isolated from the livers of mice by differential centrifugation. 
Briefly, livers were homogenized in 0.3 M mannitol solution containing 10 mM HEPES, 
0.2 mM EDTA and 0.1% BSA (pH 7.4), and centrifuged at 740  ×g for 10 min. 
Supernatants were centrifuged at 3000  ×g for 8 min and at 7600  ×g for 5 min 
continuously. Pellets were suspended in 0.3 M mannitol solution containing 10 mM 
HEPES and 0.1% BSA (pH 7.4), and centrifuged at 740  ×g for 10 min. Supernatants 
were centrifuged at 6700  ×g for 10 min. Finally, pellets were resuspended in 0.3 M 
mannitol solution containing 10 mM HEPES and 0.1% BSA (pH 7.4). The isolated 
mitochondria were stained with Mtphagy Dye (0.4 µM) in 0.3 M mannitol solution 
containing 10 mM HEPES, 0.2 mM EDTA, 1 mM MgCl2 and 0.1% BSA (pH 4.0 or pH 
7.4) with or without 0.01% Triton X-100 for 1 min, and detected by flow cytometry 
(BD; FACS Canto II).  Data analysis was performed using BD FACSDiva and FlowJo 
software.  For fluorescence microscopy experiments, mitochondria were pelleted onto 
slides using a Cytospin3 (Shandon) centrifuge and stained with Mtphagy Dye (0.1 µM) 
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and MitoTracker Green (0.3 µM) in 0.3 M mannitol solution above pH 4.0 or pH 7.4 
with or without 0.01% Triton X-100 for 5 min, and the fluorescence images were taken 
on a laser scanning confocal microscope. Similar experiments were carried out in the 
same manner in the presence or absence of CCCP (3 M and 10 M), where the 
measurements were done for the initial 5 min (for flow cytometry) or 30 min (for 
fluorescence microscopy). 
 
Measurement of mitophagy with Parkin (+) or Parkin (-) HeLa cells using 
MitoTracker Green 
HeLa cells on a μ-slide 8 well (Ibidi) cultured at 37 oC overnight in a 5% CO
2 
incubator, 
were transfected with Parkin plasmid vector using HilyMax transfection reagent 
(Dojindo Laboratories), and incubated at 37 oC overnight. Parkin (+) or Parkin (-) HeLa 
cells were incubated with Mtphagy Dye (1.0 μM) and MitoTracker Green (0.1 μM) in 
the culture medium for 30 min at 37 oC. After the cells were washed with the culture 
medium twice, the culture medium containing CCCP (10 μM) and bafilomycin A1 (10 
nM) was added to the well. After 18-h incubation, mitophagy was observed with 
confocal fluorescence microscopy. The fluorescence images for both dyes were 
obtained as described above.  
 
Measurement of mitophagy with Parkin- and GFP-LC3 co-expressed HeLa cells 
GFP-LC3 expressed HeLa cells on a μ-slide 8 well (Ibidi) cultured at 37 oC overnight in 
a 5% CO
2 
incubator, were transfected with Parkin plasmid vector using HilyMax 
transfection reagent, and incubated at 37 oC overnight. GFP-LC3 HeLa cells or Parkin- 
and GFP-LC3 co-expressed HeLa cells were incubated with Mtphagy Dye (1.0 μM) in 
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the culture medium for 30 min at 37 oC. After the cells were washed with the culture 
medium twice, the culture medium containing CCCP (10 μM) and bafilomycin A1 (10 
nM) was added to the well. After 18-h incubation, mitophagy was observed with 
confocal fluorescence microscopy. The fluorescence images for both dyes were 
obtained as described above. 
 
Measurement of mitophagy with HeLa cells treated with anti-cancer drugs 
HeLa cells and HeLa cells stably expressing GFP-LC3 were seeded on 35-mm glass 
base dish (IWAKI) and stained with Mtphagy Dye (0.1 µM) for 15 min. HeLa cells 
were also stained with MitoTracker Green. After washing, the cells in the culture 
medium without phenol red were observed using a laser scanning confocal microscope 
(0 h). The cells were incubated with etoposide (10 µM) or rapamycin (1 µM) for 
indicated time and observed using a confocal microscope. 
 
Measurement of autophagy under nutrient-deprived conditions 
HeLa cells cultured in Minimum Essential Media (MEM, Thermo) supplemented with 
10% (v/v) fetal bovine serum, 1% L-glutamine, 1% non-essential amino acid, 1% 
penicillin, and 1% streptomycin were maintained in a humidified 5% CO2 incubator at 
37 °C. The cells seeded on a μ-slide 8 well (Ibidi) were incubated with DALGreen (1.0 
μM) or DAPGreen (0.1 μM) in the culture medium for 30 min at 37 oC. After being 
washed with the culture medium, the cells were cultured with the amino-acid deprived 
DMEM (Wako) with or without chloroquine (10 μM) or bafilomycin A1 (0.1 μM) for 
2-6 h. Confocal images were obtained on a LSM800 (ZEISS), with the excitation and 




Co-localization of DALGreen or DAPGreen with LysoTracker Deep Red 
HeLa cells stained with DALGreen (1.0 μM) or DAPGreen (0.1 μM) as above were 
cultured with the amino-acid deprived DMEM for 5 h. The autophagy-induced medium 
was replaced with the culture medium containing LysoTracker Deep Red (50 nM, 
Thermo), and the cells were incubated for another 60 min at 37 oC. Confocal images 
were obtained as described above with the excitation and emission wavelength at 633 
nm and 645 - 700 nm, respectively, for LysoTracker Deep Red.  
 
Cell viability assay 
Cell viabilities were measured with CCK-8 (Dojindo Laboratories) following the 
manufacturer’s manual. HeLa cells were seeded on a 96-well plate and the plate 
incubated with the culture medium at 37 °C in a 5% CO2 incubator for 24 h. The 
medium was replaced with the culture medium containing various concentrations of 
Mtphagy Dye (0.1, 0.3, 0.5, and 1.0 μM), DALGreen or DAPGreen (0.1, 0.5, and 1.0 
μM); the cells were further incubated for 30 min at 37 °C. The cells were washed with 
the culture medium, and incubated for another 24 h. CCK-8 was added to each well, and 
the cells were incubated for another 2 h. The absorbance at 450 nm of each well was 
measured with a microplate reader. 
 
Western blot analysis 
Cells were lysed in a sample buffer (50 mM Tris-HCl at pH 6.8, 5% glycerol, and 1% 
SDS) and boiled for 3 min at 95 °C. The samples were separated on SDS-PAGE, 
transferred onto a PVDF membrane (Trans-Blot Turbo; BIO-RAD), and detected with a 
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rabbit anti-LC3 antibody (PD014, MBL) and a mouse anti-actin antibody (MAB1501, 
Millipore). Horseradish peroxidase-conjugated antibodies (Santa Cruz Biotechnology) 
were used as secondary antibodies (at 1∶20,000 dilution). Chemiluminescent signals 




Autophagy-induced cells were fixed in 4% paraformaldehyde in phosphate-buffered 
saline (PBS) for 30 min at room temperature, permeabilized with 0.1% Triton-X100 in 
PBS, blocked with 20% Blocking One (Nacalai Tesque), and then incubated with a 
diluted rabbit anti-LC3 antibody (PD036, MBL) in 20% Blocking One in PBST (0.1% 
Tween-20 in PBS) for 16 h at 4 °C. After being washed with PBST, cells were 
incubated with Alexa 488-conjugated secondary antibody (Thermo) and DAPI (Dojindo 
Laboratories) in PBST for 2 h.  
 
Liposome assay 
Liposome was prepared by a hydration method for giant liposomes using Egg York 
Phosphatidylcholine (DYPC). About 1 mg of DYPC was dissolved in CHCl3, and the 
organic layer was evaporated by N2 purge. To the residue was added pre-warmed water 
(80 °C) with or without DALGreen, DAPGreen or 9g, which was incubated for 1 h in 
water bath at 80°C. The resulting mixture was centrifuged by a micro-centrifuge and the 
precipitate was washed with water twice. The obtained liposomes were measured with a 
confocal fluorescent microscopy. Fluorescence images for these dyes were obtained as 
described above. 
